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(54) Biosensor apparatus and method with sample type and volume detection 


(57) A biosensor apparatus and method with sam- 
ple type and cell volume detection. The apparatus in- 
cludes a sine wave generator (104) to apply an AC sig- 
nal to a biosensor cell containing a sample, a current- 
to-voltage converter, a phase shifter, a square wave 
generator, a synchronous demodulator, and a low pass 
filter (120) which yields a signal proportional to the ef- 
fective capacitance across the biosensor cell, which is 
proportional to the volume of the sample. In addition, the 
current-to-voltage converter yields a signal indicative of 


the type of sample contained within the biosensor cell. 
The method includes applying a sine wave to the bio- 
sensor cell, shifting the phase of the resultant signal, 
generating a square wave synchronous with the sine 
wave, demodulating the resultant signal with the square 
wave, and filtering the demodulated signal to produce a 
signal proportional to the effective capacitance across 
the biosensor cetl. The biosensor apparatus and meth- 
od are capable of determining sample type and meas- 
uring glucose levels over a wide range of sample vol- 
umes. 
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[0001 ] The present invention relates to biosensors and, more particularly, to a method and apparatus for detecting 
the type and volume of samples deposited within a biosensor cell. 

BACKGROUND OF THE INVENTION 

[0002] A biosensor is a device that measures the presence of various chemical components in a sample deposited 
in a biosensor cell. For example, a biosensor may be used to measure the amount of glucose present in a sample of 
blood. Generally, the biosensor cell includes a pair of conductors, e.g., gold and palladium, configured to receive a 
sample therebetween. Typically, the biosensor generates an electrical signal that is proportional to the amount of a 
certain component, e.g., glucose, in a sample, which is assumed to have a certain volume, if the sample is too small/ 
large, however, the electrical signal will indicate a concentration which is lower/higher than the actual concentration of 
the component in the sample, resulting in the potential for improper diagnosis and treatment. Accordingly, methods 
and apparatus for determining the adequacy of a biological sample are useful. 

[0003] One method for determining the adequacy of a sample within a biosensor cell is through the use of electric 
sensors. The electric sensors are conductors that detect the flow of electricity. In this method one or more detection 
conductors are positioned at different locations throughout the biosensor cell. When the sample comes in contact with 
a detection conductor, the detection conductor will conduct electricity, thereby indicating the presence of the sample 
at the location. Electronic circuitry can then be used to determine whether an adequate sample has been deposited 
into the biosensor cell based on the number of detection conductors that conduct electricity. This method has several 
drawbacks. First, several detection conductors are required in addition to the two existing parallel plate conductors of 
the biosensor cell. Second, an error is introduced if the sample touches a detection conductor without filling the area 
of the conductor completely. Third, this method is not able to compensate for bubbles trapped within the sample, which 
reduces the volume of the sample. ' 
[0004] Another method for determining the adequacy of a sample applied to a biosensor cell is through visual con- 
firmation of the sample volume. In this method, the user of the device visually inspects the sample within the biosensor 
to determine if a sufficient sample has been applied to the biosensor. This method relies on a subjective determination 
of the volume of a sample and is, therefore, prone to errors. This is especially problematic when the biosensor is used 
to measure chemical components associated with certain diseases, such as diabetes, that cause decreased visual 
acuity in the user. 

[0005] The prior art methods used to determine the adequacy of a sample result in the test being performed only if 
the sample volume is within a narrow range. If the sample volume is outside of this range, the test is aborted. This "go/ 
no-go" method of using biological samples, which relies on the sample volume being within a narrow range, results in 
wasted time and samples for samples outside this narrow range. 

[0006] Therefore, there is a need for apparatus and methods to accurately determine the volume of a sample within 
a biosensor cell and to determine chemical component concentrations for a wide range of sample volumes. The present 
invention fulfills this need among others. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides for apparatus and methods that can determine whether a sufficient sample 
volume was deposited into a biosensor, can accommodate variations in the volume of samples, and can determine 
the type of sample deposited within the biosensor. The aforementioned problems are overcome by accurately detecting 
the volume of the sample within the biosensor cell by determining the biosensor cell's effective capacitance, which is 
proportional to the volume of the sample within the biosensor cell. 

[0008] One aspect of the present invention is an apparatus for measuring the effective capacitance across a biosen- 
sor cell having a first conductor connection and a second conductor connection, the biosensor cell configured to receive 
a sample having a volume related to the effective capacitance across the biosensor cell. The apparatus includes a 
sine wave generator having an output for coupling to the first conductor connection of the biosensor cell, the sine wave 
generator producing an AC signal, a current-to-voltage (l/V) converter having an input for coupling to the second con- 
ductor of the biosensor cell and further having an output, a phase shifter having an input coupled to the output of the 
l/V converter and further having an output, a square wave generator producing a square wave synchronous with the 
AC signal, a synchronous demodulator having an output, a first input coupled to the phase shifter, and a second input 
coupled to the square wave generator, and a low pass filter (LPF) having an input coupled to the output of the syn- 
chronous demodulator, the LPF producing a signal at an output proportional to the effective capacitance across the 
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biosensor cell. 

[0009] Another aspect of the invention is a method for measuring the effective capacitance across a biosensor cell 
having a first conductor connection and a second conductor connection, the biosensor cell configured for use in a 
biosensor to receive a sample having a volume. The method includes applying a sine wave having a frequency to the 
5 first conductor of the biosensor cell to produce an AC signal, shifting the phase of the AC signal, generating a square 
wave synchronous with the sine wave, demodulating the AC signal with the square wave to produce a demodulated 
signal, and filtering the demodulated signal to produce a signal proportional to the effective capacitance across the 
biosensor cell. 

w BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] 

Figure 1 is a block diagram of a biosensor and associated signal levels in accordance with the present invention; 
J5 Figure 2 is a schematic diagram of a biosensor in accordance with the present invention; 

Figure 3 is a timing diagram for measuring sample volumes and glucose levels in accordance with the present 
invention; 

Figure 4 is a graph depicting current values for filled and half-filled biosensor cells in accordance with the present 
invention; 

20 Figure 5 is a graph depicting volume detection A/D readings for filled and half-filled biosensor cells in accordance 

with the present invention; 

Figure 6 is a graph depicting a histogram of A/D readings, mean, standard deviation, and coefficient of variation 
(CV) of filled and half-filled biosensor cells at 0.8 seconds after a sample is applied in accordance with the present 
invention; 

25 Figure 7a is a graph depicting glucose biases compared to an industry standard prior to volume compensation in 

accordance with the present invention; and 

Figure 7b is a graph depicting glucose biases compared to an industry standard after volume compensation in 
accordance with the present invention. 

30 DETAILED DESCRIPTION OF THE INVENTION 

[001 1 ] FIG. 1 is a block diagram of biosensor device 1 00 in accordance with one embodiment of the present invention 
for determining the volume of a sample positioned within a biosensor cell 1 02 and the type of sample positioned within 
the biosensor cell 102. In addition, FIG. 1 depicts signal levels developed at various locations within the biosensor 

35 device 1 00. In a general overview, an AC sine wave generated by an AC sine wave generator 104 and a DC biasing 
voltage generated by a DC voltage source 106 are combined by a combiner 1 46 and applied to the biosensor cell 1 02 
to create a signal that reflects the effective resistance 108 and capacitance 110 across the biosensor cell 102. In 
addition, the AC sine wave is passed to a square wave generator 112 that generates a square wave synchronous with 
the sine wave. The signal out of the biosensor cell 102 is passed through a current-to-voltage (l/V) converter 114 to 

to convert the signal to a voltage signal. The voltage signal out of the IA/ converter 114 is phase shifted by a phase shifter 
1 1 6. The output of the phase shifter 1 1 6 is passed to a synchronous demodulator 1 1 8 for demodulation using the output 
of the square wave generator 112 to create a demodulated signal. The demodulated signal is passed through a LPF 
120 to create a signal proportional to the effective capacitance of the biosensor cell 102, which is proportional to the 
volume of the sample. The signal is converted to digital by A/D converter 122 and the digital signal is processed by a 

45 processor 124 to determine the volume of the sample based on the effective capacitance across the biosensor cell 
102. In addition, the output of the l/V converter 114 is passed through a filter 126 that removes an AC sine wave 
component and the resultant signal is converted to digital by the A/D converter 1 22 for processing by the processor 
124 to determine the type of sample, e.g., test sample or biological sample, applied to the biosensor cell 102. The 
present invention is particularly useful, but not exclusively so, in glucose measurement systems used by diabetics to 

so determine glucose levels in samples of blood. 

[0012] FIG. 2 is a schematic depiction of a device for determining the volume and type of a sample positioned within 
a biosensor cell 102 that will be used to describe an embodiment of the present invention in detail. The biosensor cell 
1 02 is a receptacle for a sample, e.g., blood. The biosensor cell 1 02 may be modeled in a known manner by an effective 
resistance 108 in parallel with an effective capacitance 110 between a first conductor connection 128 and a second 

55 conductor connection 130 of the biosensor cell 1 02. The biosensor cell 102 includes a first conductor coupled to the 
first conductor connection 1 28 and a second conductor coupled to the second conductor connection 1 30. The first and 
second conductors may be a pair of parallel plates substantially parallel to one another configured to receive a sample 
therebetween. When a sample is positioned within the biosensor cell 1 02, the effective capacitance 1 1 0 of the biosensor 
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[0013] -me sine wave generator 1 04 generates a sine wave that can be applied to the biosensor cell 102 Bv annivinn 

oomeetanl^OMreaaela the effect.ve resistance 108 and capacitance 110 of the biosensor cell 102 The amplitude 
%T»Zl ? ^ ' S Se,eC,ed SUCh ** rt does not «*« the electrochemical reaction in the biosenso 2 
omaxfm^ 

SiST^ no ^ • 1,1,8 arra " 9ement results in a very stable "stair-type" sine wave. 9 ' °' 

[0014] The DC voltage source 106 generates a DC voltage that can be applied to the biosensor cell 102 Tho nr 

the volume of the sample applied wrthin the biosensor cell 1 02 to be determined quickly. In one embodiment me DC 

25£ T ""fS"^ about ne9ative H 300mv - ^ vo,ume of me sam p ,e within *• £ZJS5i2.E 

determined accurately without applying the DC voltage to the biosensor cell 102 However kdMm the Sn! 
enab.es the effective capacitance 110 to be formed more quickly. Accordingly the DC voltage source 106 mS 
removed from the illustrated biosensor without departing from the spirit and scop of me P 7eS So however 

tSSTSSXS^! ^n" 1 * performance of ,he biosensor in **•"**! ,he -522 H o 

EUS e,T,b0dlmen, • the 00 volta 9 e s ™<* 106 comprises a first conventional OpAmp 132 1 and a 

^ur b f 9 „ ' k « 96 4? IS 9enera,ed b V a known ba "«gap circuit that generates a stable voltage from a vottage 
fh^n 9 "' £ ?* ^" d9aP V0 ' tage 136 remainS constam re9ard,e « of fluctuations in the outpUvoKage of 

oZ^LTZ^^^^ 0 i,S inVertin9 inpUt thr ° Ugh 3 ,eedback resisto ' 140 ' additio" the 
T^l h r f P 7 * C0UP ' ed t0 3 V ' rtUal 9rcund ,hrou9n a ,irst 9 round 'esistor 142 and to a system ground 
5 TcoudiS to t°h I"?* 7,! 42 , ^ 3 S6C0nd 9r ° Und * 1 44 " "Averting input of me second OpAmp 
134 .s coupled to the output of the first OpAmp 132. The second OpAmp 134 is configured as a buffer staae with fts 

Trceioa 10 ertin ° inPUt "T ° f SSCOnd ° PAmp 134 M * DC ^^ITdZTC 

STS vn^r binef 1 f °° mbines me Si " e W3Ve fr0nl the sine wave 9enerator 104 a "° «» DC voltage signal from 
me Su^aS e Z 1C * *° Create 3 Si9na ' ,0 aPP ' y ,0 3 firs,c °" du <*» connection 128 of the biosensor cel. i h 
S/ifS Si C ° mblner 146 C ° mpriSeS 3 conventfo " a ' OPAmp 148. The non-inverting input of the 

XZZ L ™, ? S ' n ? T 6 9enerat0f 104 thr0U9h 3 ,irSt inDUt resistor 150 and to DC voltage source 
106 through a second input res.stor 152. The inverting input of the OpAmp 148 is coupled to a virtual qround throuoh 
aground res,stori54 and theoutput of the OpAm P 148 is coup.edto the non-inverting input of me Op^ 
a feedback resistor 156. It will be understood by those skilled in the art that, if the DC voltage sourceToe noVused 

stana? In£p ■ T7T " 4receives current si 9™' out of the biosensor cell 102 and converts it to a voltage 
me Onl m il embodiment, the l/V converter comprises a conventional OpAmp 158. The inverting inpX 
l u ?oAhrnn! ,S C °™ eCted t0 the S6C0nd C ° ndUCt0r COnnection 130 oi ,ne biosensor cell 102. The non'nvert ng 

Kno ?58^2Z COnn8C !!f !° 3 W ' rtUal 9r ° Und - A feedbaCk reSiS,0r 160 COU P ,ed be,wee " »» output of he 
upAmp 1 58 and the inverting input defines the gain of the l/V converter 114 

[0018] ThephaseshifterH6shiflsthephaseofasignaloutofthelA'converter114and ifpresent removes anv 
>n mp T, n T , r ° m K ,he Si9naL ln ° ne ernbodim ent. the phase of the signal out of the l/V d^H^SSS? 

u e 6 r ZXfiTSEL* T'^' T * 162 3nd -istor 164, and i foSwS by a 

r^nnLZ k . ampl.fier 166 may be a conventional OpAmp with the output of the buffer amplifier 166 

158 of the l/V converter 114 and the non-inverting input of the buffer amplifier 166. The resistor 164 is coupled on one 
[0019 fThelT^ 

SSLi, T 6 9enerat ° r 112 9enera,es a square wave at an <>"«P"t that is synchronous with the sine wave 
ST£?J* S ' ne T 8 r erat ° r 1 °*- ° ne embodim ent. the square wave will have a compaTativefy Z lvalue 
when the sine wave produced by the sine wave generator 104 is in a negative cycle and will have cZZ oh 

vabewhenmes.newaveisinapositivecycle..nmei.lustra.edembodimenU 

ge r r "To: f, 8 C ° n,i9Ured 33 3 SChmid ' ,ri996r W " h SOme ^ ster - is - d fe S5 5 S ^ "newave 
generator 104 to generate a square wave synchronous with the sine wave produced by the sine wave generator 104 
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The non-inverting input of the OpAmp 168 is coupled to the sine wave generator 104 through an input resistor 170. 
The inverting input of the OpAmp 168 is coupled to a virtual ground. The output of the OpAmp 168 is coupled to the 
non-inverting input of the OpAmp 1 68 through a feedback resistor 1 72. It is contemplated that, if the sine wave generator 
104 is an ASIC including a DDS chip, the square wave can be generated by the ASIC, thereby removing the need for 

5 a separate component, e.g., square wave generator 112, to generate the square wave. 

[0020] The synchronous demodulator 118 is a circuit for demodulating the phase shifted signal received from the 
phase shifter 1 1 6 using the square wave from the square wave generator 1 1 2. The output of the synchronous demod- 
ulator 1 1 8 is a signal with a sign dependent on the comparative amplitude of the square wave produced by the square 
wave generator 112. If the square wave amplitude is low (indicating the sine wave is in a negative cycle), the sign of 

io the signal will change. If the square wave amplitude is high (indicating the sine wave is in a positive cycle), the sign of 
the signal will not change. 

[0021 ] In the illustrated embodiment, the synchronous demodulator 1 1 8 comprises an OpAmp 1 74 and a switch 1 75, 
e.g., a transistor. The inverting input and the non-inverting input of the OpAmp 174 are coupled to the output of the 
buffer amplifier 166 through a first input resistor 176 and a second input resistor 178, respectively. The output of the 

is OpAmp 174 is coupled to the inverting input of the OpAmp 174 through a feedback resistor 180. In addition, the non- 
inverting input of the OpAmp 174 can be coupled to a virtual ground via the switch 175, which is controlled by the 
square wave generator 112. When the square wave amplitude is high, the switch 175 is on and the non-inverting input 
of the OpAmp 174 is coupled to the virtual ground, thereby changing the sign of the signal at the output of the OpAmp 
174. When the square wave amplitude is low, the switch is off and the non-inverting input of the OpAmp 174 is not 

20 coupled to the virtual ground, thereby leaving the sign of the signal at the output of the OpAmp 174 unchanged. 

[0022] The LPF 1 20 filters the output of the synchronous demodulator 1 1 8 to generate a DC signal that is proportional 
to the effective capacitance 110 of the biosensor ceil 102, which, in turn, is proportional to the volume of a sample 
within the biosensor. In one embodiment, the "cut-off" frequency of the LPF 1 20 is much lower than the frequencies in 
the signal out of the synchronous demodulator 1 1 8. Since the cut-off frequency is much lower than the frequencies in 

25 the signal out of the synchronous demodulator 118, the LPF 120 averages the signal.. The resultant signal is a DC 
signal proportional to the effective capacitance 11 0 of the biosensor cell 1 02. Support showing that the resultant signal 
is proportional to the effective capacitance 1 1 0 and does not represent the effective resistance 1 08 is described below 
in reference to equations 1-8. In the illustrated embodiment, the LPF 120 includes a resistor 182 and a capacitor 184. 
The resistor 182 is coupled on one end to the output of the synchronous demodulator 1 1 8 and to the capacitor 1 84 on 

30 the other. The capacitor 1 84 is coupled between the resistor 1 82 and a virtual ground. 

[0023] An amplifier 185 amplifies the output of the LPF 120. In the illustrated embodiment, the amplifier 185 is a 
conventional OpAmp 186. The non-inverting input of the OpAmp 186 is coupled to the LPF 1 20. The inverting input of 
the OpAmp 186 is coupled to a virtual ground through a ground resistor 188 and the output of the OpAmp 186 is 
coupled to the inverting input of the OpAmp 1 86 through a feedback resistor 1 90. 

35 [0024] A voltage divider 1 91 reduces the voltage level out of the amplifier 1 85 to a suitable level for the A/D converter 
122. In the illustrated embodiment, the voltage divider 191 comprises a first resistor 192 and a second resistor 194 
coupled in series between the output of the OpAmp 186 and a system ground. The connection between the resistors 
192, 194 provides a reduced voltage level that is dependent on the values selected for the resistors 192, 194. 
[0025] The filter 1 26 is a conventional fitter for removing an AC component from the signal out of the l/V converter 

40 114. The resultant signal out of filter 126 is indicative of the type of sample applied to the biosensor cell 102. For 
example, in measuring glucose levels in blood, a test sample, e.g., sugar water, is first applied to the biosensor cell 
1 02 to determine if the biosensor is operating properly. The resultant signal can be used in a known manner to determine 
the type of sample, e.g., blood or sugar water. In one embodiment, the filter 126 is configured to remove AC signal 
frequencies equivalent to the AC signal frequency generated by the sine wave generator 104. In an alternative em- 

45 bodiment, the filter 126 removes all AC signals. 

[0026] The A/D converter 122 converts analog signals received at an input to digital signals at an output. In one 
embodiment, the A/D converter 122 is coupled to the LPF 120 through the voltage divider 191 and amplifier 185 via a 
switch 196, e.g., a transistor, to perform a first function of converting the signal proportional to the effective capacitance 
110 of the biosensor cell 102 from analog to digital. In addition, the A/D converter 122 may be coupled to the output 

50 of the \N converter 114 through the filter 126 via a switch 198, e.g., another transistor, to perform a second function 
of converting the signal indicative of the type of sample within the biosensor cell 1 02 from analog to digital. The closure 
of the switches 196, 198 is mutually exclusive to prevent more than one signal from entering the A/D converter 122 at 
a time. It will be understood by those skilled in the art that the A/D conversion for determining the effective capacitance 
110 of the biosensor cell 102 and the A/D conversion for determining the type of sample deposited within the biosensor 

55 cell 102 can be performed by two separate A/D converters. If separate A/D converters are used, or if only one function 
is to be performed, the switches 196, 198 can be eliminated. 

[0027] In one embodiment, the A/D converter 122 is a dual slope A/D converter. A dual slope A/D converter is a 
device that converts analog signals to digital by integrating the analog signal for a specified period of time and, then, 
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counting time intervals to bring the integrated signal back to zero, "me counted time intervals are the basis for th» 
.Iter 126. In one embod.ment, the integration time is selected to reject a 60/50 Hz line interference e a is qSST 

and then deterrmmng the effective capacitance 110. This allows a slower A/D convener 122 to beS such a i thf 

ZT'iz:™? in me above embodimem - * m wouid be « * -^£S r^rs 

[0029]^ The processor 124 processes the digital signals out of the A/D converter 124 When the oroo^nr <M «. 

££££ sr: ™ c r erter 114 throush ,he swi,ch 198 - *• ■» « * voZZn^Te 

SiiniH 0 ^ embodiment ' me P rocessor wi » determines if the volume of the sample is adequate by comparina the 

p^ctSor 24 s torlT e 1 meaSUremem SyStem ' " the pr ° CesSor 124 de,em * es *• sampte type s^oodTe 
wTteT™ o r^ 

Sarded SUbStan ° e ,0 Venfy th ° Pr ° P6r ° peration of a 9 ,ucos * *e glucose measuremenHs 

SL^^J^T^ configured to determine the amount of a component within a samp.e within a 
m^T, V . ! exam P' e > me Processor 124 may be used to determine the amount of glucose within a samoi* 
o blood. .n order todetermineaglucoselevellnasample,me processor 
4 through the swrtch 198. The voltage applied to the biosensor cell 102 by the DC voltage source 10 e!lt 

%S2i ?T rates a " ,irst pu,se " current - through ,he bi ~ ce » 1 ° 2 - ^K^^t^RS 

modrf,ed ,n a known manner to apply a voltage having an opposite polarity, e.g., positive ( + ) 300m7and aHowed to 
S f T f Sta,e " PU ' Se CUrrent ' ^ throu9h the biosensoTcell 1 02 .n one em^T^e 0^ 
Sh°h ? amP,e bS determined by the processor 124 as des "«>ed in reference toTquat ons 9-18 £ 
S M0?n^ Tf- de,emiined and com P e "^ based on the effective capacitance 10 o' the biosensor 
ItcZr, U,atm9 *" 9 ' UC0Se teVe '- ln an a,temative ^bodiment„the processor^ may ^detelTneTe 

illLfonnrSl 6 l - " °' 0,6 e,eCtr ° nic «> m P°"ents within the biosensor depicted in FIG 2 

cScS 

Z , Pty b,osensor ce » 1 02 and 'or a known capacitance coupled across the biosensor cell 102 

[0033J In one embodiment, a known capacitor with a standard value go 0 47hf+9°/ icc^wtk 

converted ,nto capacrtance values by the processor 124 using the stored capacitance conversl stope 
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SUPPORT 

[0034] When two parallel plates with the surface area of A are separated by a distance, d, with an insulator there- 
between, the capacitance is calculated by: 


25 


30 


Cap =e^ 0 3 (1) 


where e„ is the permittivity or dielectric constantof the free space and e, is *e relatwe d^r« con^ olj^ .r»u^ 
22 the two plates. The capacitance is directly proportional to the surface area. A, (or the electrode 
LurfaS i wJh the sample solution) and is inversely proportional to the distance, d. between Mtt^M 
100351 "n order to generate a signal proportional to the applied sample volume, the measuremen must be .ndepend- 
em of the JSZm Resistance 108 To prove that the output of the circuit described in reference to FIG. 2 « proportional 
Sri e^ capacLce ,10 and is not a function of ^^Tv^Z^r ' 
it is assumed that the synthesized sine wave is a continuous s.ne wave wrth an amphtude, V. and frequency,?.. 


v = Vsin wf, ® 

20 where • = 2rf. and t is time. The current through the biosensor cell 1 02 when a sample is applied to it will have the 
same shape with a q> degrees phase shift: 

/'= / sin ((jor+tp) ^ 


where, / = {VI*T) t q> = tan- 1 (o>HQ- The impedance. Z, of the biosensor cell is: 

A (4) 

[0036] The output of the LPF 1 20, V D , is the average of the l/V converter 114 output after it has been phase shifted 
90 degrees: 


35 
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1 

Vo = If jlj ik(cos(2ff/r + p ) A 


(5) 


where Rs is the sense resistor for the l/V converter 114. In this equation, it is assumed that the phase shifter gain is 
one. By substituting Z and evaluating the integral: 


n=2/ W^^[sin(2^ + ,)]% 


and W 


[0037] After some mathematical simplifications: 


2 ypi — 

sji +m yc% in((p)> v = tan* 1 (wRC) < 7 > 
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(8) 


^^^^^ 


(9) 


G - d • 

S P 2Fv4d' ss> (10) 


I 


ppPF 


' (11) 

where: 

55 G - <L i 

spPF- 2FA pF D l ssPF (12) 

Therefore, 
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GpF=( fe )P( 24^''^ 2) . 03) 

5 [0040] The cell currents, and are proportional to the cell area A and the equivalent cell capacitance is propor- 
tional to the cell area: 

10 'SSPF 'fpPF M PF °PF. 

where F stands for a completely filled cell. 

[0041] Therefore, if the partially filled cell currents, i^pp and ifppp, are calculated and substituted to calculate the 
glucose concentration of a sample that partially fills the biosensor cell; then: 

G PF = {l^f.) p (^f- F ,i ssF 2^.z) (15) 


20 


30 


[0042] If the ratio for capacitance is substituted with the ratio for area, then: 


°"'<%Pa&~7qr* m - (16) 


and 


^-<5E^b&b4-*> (17) 

This is equivalent to the glucose calculated from a completely filled biosensor cell in equation 9, i.e.: 

35 

G PF = Gp (18) 

This indicates that an accurate glucose level can be calculated even if the biosensor cell 1 02 is only partially filled. 

40 [0043] FIG. 4 depicts pulse current values for filled and half-filled biosensor cells during first pulse and second pulse 
periods prior to compensation based on the effective capacitance of the biosensor cell in accordance with the present 
invention. The transition from first pulse to second pulse occurs at about 10 seconds in the example depicted in FIG. 
4. As shown, the shapes of the current profiles are approximately the same for the filled and half-filled biosensor cells, 
however, there are significant differences in their current values. These differences may be due to variations in the 

45 actual glucose levels and the volumes of the samples. For example, a low glucose level calculation may be due to a 
low glucose level and/or a low sample volume. Therefore, glucose level calculations based on current levels prior to 
compensation may be inaccurate. Results shown in the FIG. 4 were collected by dosing biosensor cells with blood 
samples having 40mg/dL to 600 mg/dL glucose and hematocrit levels of 20-70%. 

[0044] FIG. 5 depicts volume detection AID readings for completely filled and half-filled biosensor cells during 0.6 to 
50 0.8 seconds after a sample is detected in a known manner. A synthesized AC sine wave is applied at the beginning 
of the first pulse and the volume detection circuits are stabilized before obtaining volume detection A/D readings. As 
shown, A/D readings for half-filled biosensor cells are about half the A/D readings for filled biosensor cells, thereby 
demonstrating that the A/D readings are related to the volume of the sample within the biosensor cell: Results shown 
in FIG. 5 were collected by dosing biosensor cells with blood samples having 40 mg/dL to 600 mg/dL glucose and 
55 hematocrit levels of 20-70%. 

[0045] FIG. 6 depicts a histogram of A/D readings, mean, standard deviation, and coefficient of variation (CV) of 
filled and half-filled biosensor cells at 0.8 seconds after a sample is detected. As shown, the A/D reading are strongly 
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correlated to the sample volume. 

K- 7*! 73 ?b depiCt 3 com P arison °* the 9'ucose biases of a biosensor in accordance with the present 

So'nT^i^u 0 s A ^ mea T^ n,S P6r,0rmed bV 3 YSI G ' UC0Se Anaty2er avai,ab,e f ™ YSI 'ncorporald of Sow 
fZT: ? (a ", ' ndUS,ry rec °9 ni2ed °9° ld- standa ' d performing glucose measurements) before and afte" 
rrri , T V ° ,UmeS aPP,iSd ,0 ,he biOSenSOr Ce "- ™e glucose biases represent me d«2 

measured bt^lTr, FT"* * & h aC °° rdanCe Wi,h the preSent invention and 9 ,uco - '-e's 

measured by the YSI Glucose Analyzer at the glucose levels measured by the YSI Glucose Analyzer In FIGs 7a and 

mo/dL "d I 036 r IS 7T ed bV ^ YS ' G ' UC0Se AnaVZ6r afe be,0W 100 ^ lbe bia * * «f n terms ol 
S ; ofa ^percTnfge 056 *" G,UC ° Se ™ * 0 " 1 °° mflWL ^ biaS fe d6,ined * 

221 ^I G ' ? f T 9 ' UC0Se biaS6S ,0r com P ,ete| y ,illed an ° ^If-filled biosensor cells prior to being compen- 
«™,!h T de, ^ t,0n ^ readi " 9S - Sh0wn - the halMil,ed "tensor cells can have up to -70 % bias for a 
sample having a glucose level of 600 mg/dL and -25 mg/dL bias for a sampte having a glucose .evel of 40 mg/d?. RG 

ZtrZ^TT ,he ha,Wi " ed bi ° SenSOr Ce " 9,UC0Se biases after compensation with volume 

Hi T * f Ti ,hS hal, " fil,ed bi ° SenSOr cell=s bias is reduced ,0 ,ess « lat approximate* -30 % for 
mn!T, P u 9 .! 9 ,°° Se ' eVel 0< 600 m9/dL and - 10 m9/dL ,or a sam P ,e navi "9 a 9'"cose level of 40 mg/dL " 
EH? T 9 !" JS ^ SCr,bed 3 f6W partiCUlar embodimen «s of the invention, various alterations, modifications, and 
ZTnhTo?!h I!"!? y ,° CCUr t0 m ° Se Ski " ed ' n thC art - SuCh altera,ions ' Edifications and improvements as are 
Tn^ Z It* f ° SUre ,n,6nded ,0 bS Paft ° f ' hiS d6SCripti0n thou 9 h not ex P ress| V herein, and are 
21 IV S f ^ SP ' nt and SC ° Pe ° f ,he inVen,i0n - Acc0fdinQ| y. 'he foregoing description is by way of example 
only, and not limiting. The .nvention is limited only as defined in the following claims and equivalents thereto 


Claims 

1. An apparatus for measuring the effective capacitance across a biosensor cell having a first conductor connection 
and a second conductor connection, the biosensor cell being configured to receive a sample having a volume 
said apparatus comprising: " * 

a sine wave generator having an output for coupling to the first conductor connection of the biosensor cell 
said sine wave generator producing an AC signal; 

a current-to-voltage (IA/) converter having an input for coupling to the second conductor connection of the 
biosensor cell and further having an output; 

a phase shifter having an input coupled to the output of said IA/ converter and further having an output- 
a square wave generator producing a square wave synchronous with said AC signal; 
a synchronous demodulator having an output, a first input coupled to said phase shifter, and a second input 
coupled to said square wave generator; and 

a low pass filter (LPF) having an input coupled to the output of said synchronous demodulator said LPF 
producing a signal at an output proportional to an effective capacitance across the biosensor cell. 

2. The apparatus of claim 1 , further comprising: 

a DC voltage source coupled to the first conductor connection of the biosensor cell, said DC voltage source 
adding a DC component to said first conductor. 

3. The apparatus of claim 2, wherein said phase shifter shifts the phase of a signal out of said l/V converter and 
removes said DC component from said signal out of said IA/ converter. 

4. The apparatus of any one of claims 1 to 3, further comprising: 

ar i analog-to-digital (A/D) converter having an analog input coupled to the output of said LPF and further having 
a digital output, said A/D converter converting said signal proportional to the effective capacitance across the 
biosensor cell from analog to digital. 

5. The apparatus of claim 4, further comprising: 

a processor coupled to the digital output of said A/D converter to process said digital signal proportional to 
the effective capacrtance across the biosensor cell to derive the effective capacitance across the biosensor cell. 
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6. The apparatus of claim 5, said processor further deriving the volume of the sample based on the effective capac- 
itance across the biosensor cell. 

7. The apparatus of any one of claims 1 to 6, wherein said sine wave generator generates a synthesized sine wave. 

5 

8. The apparatus of claim 7, wherein said synthesized sine wave is a stair type sine wave. 

9. A biosensor for measuring components within a sample, said biosensor comprising: 
10 an apparatus according to any one of the preceding claims. 

10. A method for measuring the effective capacitance across a biosensor cell having a first conductor connection and 
a second conductor connection, the biosensor cell being configured for use in a biosensor to receive a sample 
having a volume, said method comprising: 

. employing said apparatus of any one of claims 1 to 8 to measure the effective capacitance across said bio- 
sensor cell. 

11. The method according to claim 10, wherein said method is a method of measuring glucose. 
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